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ABSTRACT

The research presented in this paper is part of the
ongoing work by Moslehy and Rice et al. at the University
of Central Florida in
using laser techniques.

the investigation of sliding wear
This research paper investigates

related wear phenomena, metallographically, and presents
some general trends observed in the growth of the elastic plastic interface as a function of time.

Observations were

made on the surface and at near surface sections on several
brass pin specimens, each being subjected to sliding wear
for various periods of time.

Metallographic observation of

the plastic deformation that occurred on the surface of a
specimen corresponded to the results obtained by the laser
technique.

I would like to dedicate this research paper to my wife and
family, who have been patient and supportive of my work and
college education for the past six years.
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CHAPTER I
INTRODUCTION

There is considerable information in the literature on
plastic deformation occurring in pin specimens during
sliding wear.

Most of this information deals with

subsurface and near-surface plastic deformation behavior.
Caldwell and Wert (1] investigated subsurface and near
surface deformation in selected Al-Cu alloys in sliding
wear.

Using elaborate metallographic preparation

techniques on pin specimens after wear testing, they
revealed subsurface slip. Subsurface slip on the side
surface of the specimens extended approximately 100 µm from
the sliding interface.
Current research by Rice and Moslehy at the University
of Central Florida in investigating wear of
rectangular-sectioned specimens during sliding wear using
laser speckle photography has showed that plastic
deformation extended roughly three times further on the
surface of the specimen than revealed through subsurface
observations.

However, since the specimens were

sufficiently thin, where plane stress conditions could be
assumed, it was postulated that the deformation occurring
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on the surface of the specimen was close to that occurring
on any subsurface section of the pin.

The large

discrepancy between the extent of surface plastic
deformation revealed by the laser technique and subsurface
deformation revealed through metallography remains
unexplained.
After carefully reviewing the laser technique, the
possibility of fault in the optical system was ruled out.
Yet, substantiating the laser technique through
conventional metallography presented a problem.

The

logical step in substantiating the laser technique was to
examine the surface of the pin specimens.

One method for

doing this, suggested in the literature, is to attach fine
grids to the specimens prior to wear and visually examine
the displacement of the grid nodes [2].
not possible due to a lack of facilities.

This method was
However, it was

feasible to polish, etch, and take photomicrographs of a
specimen to obtain the condition of the surface prior to
wear.

This pre-prepared specimen would then be

rephotographed in the same locations after a wear test, and
a comparison made.

In this study, surface slip offsets

were observed by metallography in the same range as
determined by the laser technique.

Also,

some grains that

appeared undeformed in the "after" wear photomicrographs
had actually undergone a change in shape, when compared to
the "before" wear photomicrographs.

Slip offsets, however,
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were the only signs of plastic deformation observed in the
range determined by the laser technique.
The research presented in this paper investigates
further the extent of surface plastic deformation in brass
specimens subjected to sliding wear as a function of time.
Since slip offsets are observable indicators of the extent
of plastic deformation, and since it is not necessary to
etch the prepolished specimens to view them, a new approach
in determining the locus of the elastic/plastic interface
was discovered.

Thus, after obtaining the extent of

surface plastic deformation of sixteen specimens, each
being subjected to sliding for different lengths of time, a
near subsurface observation is made for each specimen and
compared to the surface observation.
Th i s paper will use the same nomenclature as given by
Rice et al.

( 3] for characterizing the extent of plastic

deformation, namely the elastic/ plastic interface.

Above

the elastic/ plastic interface of a wear specimen is the
elastic region referred to as zone 3.

This region of a

wear specimen undergoes only elastic deformations during
sliding and resumes its original shape upon completion of a
wear test.

Below the elastic/ plastic interface and above

the compositional interface is the plastic region referred
to as Zone 2.

This region of a wear specimen has undergone

plastic deformations during sliding.

This research is

primarily focused on determining the extent of zone 2.
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Zone 1 is boardered by the compositional interface above
and below by the current sliding interface. Zone 1 is a
fine crystalline matrix containing a compositional mix of
pin and counterface material.

The term current Sliding

Interface (CSI) corresponds to the worn surface of a pin
specimen after completing a wear test.

This Current

Sliding Interface is the datum from which all measurements
were taken in determining the location of the
elastic/ plastic interface.

The term "side surface" is

mentioned throughout the paper and refers to the surface of
the pin that is perpendicular to the wear surface and
parallel to the direction of sliding

(figure 1).

The

terms "lead," "middle," and "tail" positions are used
throughout the paper.

The lead position of a pin specimen

corresponds to the tail of the sliding vector, whereas the
tail position corresponds to the head of the sliding
vector. The middle position of a pin specimen is located
halfway between the lead and tail positions.

Figure 1 is a

schematic of a pin specimen and includes the terminology
used to describe the pin in this paper.
The tribotester used in these experiments was designed
by Seif et al.
Florida.

[4] and built at the University of Central

The tribotester incorporates a governor mechanism

to provide the normal load to the pin specimen and a
completely separate drive motor to provide the rotation of
the counterface disk.

Figures 2 and 3 are schematics of
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the tribotester apparatus and the type of interfacing
between the pin and disk during sliding respectively.
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CHAPTER II
PLASTIC DEFORMATION THEORY

Plastic deformation may occur by the processes of
slip, twinning, grain boundary sliding, and diffusional
creep.

However, slip is the principal mode of plastic

deformation in crystalline materials, and this mechanism is
sometimes accompanied by one or more of the above mentioned
processes. Slip can be defined as the gliding of one plane
of atoms over another under an applied shear stress.

The

most densely packed atomic planes and the most densely
packed atomic directions are the predominant slip planes
and directions.

Figure 4 is a schematic illustration of

slip lines and slip bands which appear on the surface of a
material as the result of an applied shear stress.

Slip

lines are on the order of 100 atomic diameters in width,
and their surface offset is commonly on the order of 1000
atomic diameters [5].

A series of closely spaced slip

lines make up slip bands which are commonly viewed when
examining slip on a surface [6].
Under a continuously applied shear stress, as is the
case for sliding wear, and at low temperatures, continued
plastic deformation results in the creation of new slip
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Figure 4.

Schematic Representation of Slip Lines
and Slip Bands on a Crystal surface under the
Influence of an Applied Shearing Stress [5].
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lines rather than extension of those that were previously
present.

This behavior suggests that slip planes are made

more resistant to shearing as a result of the slip process
itself. In other words, on a macroscopic scale the material
is cold worked.

At higher temperatures, slip lines tend to

mass together to form coarse slip bands with little or no
slip present between these bands.

Under the high

temperature and continuous shear stress conditions, slip is
confined to persist on prexisting planes and directions,
creating large surface offsets [5].
Slip may appear planar or wavy on a material surface.
Slip lines that appear planar or parallel to one another
are referred to as planar glide lines.

Planar glide is

characteristic of a low Stacking Fault Energy (SFE)
material such as brass. SFE is inversely proportional to
the separation distance between two repelling partial
dislocations.

Partial dislocations are restricted to move

along the plane of stacking fault in the material.

Since

the partial dislocations are restricted to move along this
plane, the appearance of slip on the material's surface is
planar (parallel lines).
If the repelling force of a partial dislocation is
overcome either by a thermally activated process or an.
increase in applied stress, the partial dislocations are
recombined to form whole dislocations.

In this case, the

dislocations are capable of moving along any plane.

This
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in turn provides the means for cross slip on different
planes, which gives the slip offsets a wavy appearance.
Wavy glide is usually associated with high stacking fault
energy materials since the separation distance between
partials is small and the required energy to combine the
partials is also small.

Figures 5 and 6 illustrate planar

and wavy glide, respectively.

Clearly, dislocation theory

is necessary to fully explain the slip phenomena; more
details can be found in reference 7.
Conjugate slip, characteristic of Face Centered Cubic
{FCC) crystals such as brass, may occur when the crystal
axis rotates due to being stressed to the critical resolved
shearing stress.

The critical resolved shear stress

represents the yield strength of a single crystal.

The

reorientation of the crystal may activate an entirely new
slip system {the conjugate system)

(7].

Figure 7 is a

schematic representation of the appearence of conjugate
slip in a crystal lattice.

Unlike planar and wavy glide,

slip planes intersect one another.
It should be noted that the slip process takes place
by atoms moving an integral number of interatomic
distances.

Thus, after slip has occurred, the general

symmetry of the lattice is restored but a slip step is
evident at the free surface.

If a polishing process were

employed to smooth the free surface, all evidence of slip
would be destroyed and the crystal lattice would be
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Fig ure 5 .

Schemat ic Representation of Planar Glide
Indica t ive of Plastic Flow i n Low Stacking
Fault Energy Materials [7].
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Figure 6 .

Sc hemati c Representation of Wavy Glide
Indicative of Plastic Flow in High Stacking
Fault Energy Materials [7].
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Fi g ure 7 .

Schemati c Represen tat i on of Conjugate Slip
I n a Crysta l Latt i ce.
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indistinguishable from its configuration prior to the slip
process (5].

Figure 8 is a schematic representation of a

cubic lattice array before and after slip.
It should be noted that the deformation mechanisms of
wavy glide, twinning, and diffusional flow are not
characteristic of low SFE and FCC materials such as brass.
However, one should be aware of these deformation
mechanisms when using high SFE, BCC and HCP materials for
wear experiments.

More details of these deformation

mechanisms can be found in references [5-7].
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CHAPTER III
EXPERIMENTAL PROCEDURES

Cold-finished C12L14 steel (.15 C-.10 Mn-.07 P-.31 S)
was chosen for the disk counterface material primarily for
its moderate Rockwell hardness of

B85.

Other

characteristics of the cold drawn C12L14 are a yield
strength of 60 ksi (414 MPa) and percent area reduction of
35 [8].

The steel was purchased in 2.125 inch (54 mm)

diameter round stock.

The stock was cut into disks

approximately 0.3 inch (7.6 mm) thick using a band saw.
The disks were then surface ground, with 0.002 inches (0.05
mm) of material removed per pass, at a cross feed rate of
0.10 inches (2.54 mm) per pass.

After surface grinding

both sides of the disks, the final thickness was 0.268
inches (6.8 mm).

Following this surface grinding, a 0.250

inch (6.4 mm) center hole was drilled in each disk using a
lathe.

The center hole was used for mounting the disks in

a CNC mill to drill a four hole pattern in each disk.
four hole pattern was then tapped using a 6-32 thread.
This provided the means for fastening the disks to the
governor shaft of the tribotester.
geometry of a finished disk.
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Figure 9 shows the

The
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Figure 9.

Finished Disk Geometry.
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Brass 260 (.70 Cu -

.30 Zn) was chosen for the pin

material because it had been used in wear experiments by
Seif et al.

[9] in their investigation of wear using laser

speckle photography.

The yield strength of brass 260 is

52 ksi (359 MPa) and it has a percent elongation of 25% in
2 inches.

The brass sheet stock was cut into pin

dimensions of 0.040 x 0.240 x 0.875 inches (1.02 x 6.10 x
22.23 mm) using a slow speed diamond tip saw.
Prior to a wear test, the pin specimens were hand
ground through a series of 400 and 600 grit silicon carbide
papers to remove burrs and to prepare the side surface for
rough polishing.

The specimens were then ultrasonically

cleaned to remove any loosely attached brass artifacts from
the hand grinding process.

Once cleaned, rough polishing

of one of the side surfaces of the specimens was conducted.
Rough polishing made use of a polishing wheel on which a
nylon cloth was attached.

The nylon cloth was smeared with

a 6 µm diamond paste and lubricated with lapping oil.

The

pin specimens were held against the nylon cloth with the
two index fingers of the left and right hands and
simultaneously moved in a spiraling pattern opposite to the
direction of the wheel's rotation.

Upon completion of the

rough polishing process, the pin was again ultrasonically
cleaned to remove artifacts from this process before
beginning the final polishing process.

The final polishing

process utilized a polishing wheel on which a flocked twill
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cloth was attached.

The flocked twill cloth was lubricated

with a 0.05 µm gamma alumina abrasive solution.

Again the

pin was held against the twill cloth with the two index
fingers and moved in a spiraling pattern opposite to the
wheel's rotation.

Final polishing was complete when a

clean, scratch-free surface was produced, as observed under
a microscope.

After the final polishing process, the pin

was again ultrasonically cleaned to remove artifacts from
this process.

From this point, the pin was handled with

rubber gloves so as not to introduce any hand oils.

Upon

removing the pin specimens from the ultrasonic cleaner,
they were rinsed with distilled water and dried using
forced air.

Figure 10 illustrates the side surface

condition of the pin specimen as a result of the
preparation to this point.

These sample preparation

procedures were derived from the Leco Company's
Metallography Principal and Procedures manual [10].
A running-in process was carried out for each
specimen, prior to a wear test, to create a flat, smooth
interface between the surfaces of the pin specimens and the
counterface disk.

In doing this, a counterface disk was

fastened to the governor shaft of the tribotester and a
piece of 400 grit silicon carbide paper was glued to the
disk.

A polished pin specimen was then clamped in the

pinholder assembly of the tribotester.

Disk rotation

commenced with approximately 20 rpm or a sliding velocity
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of approximately 0.05 m/sec.

The rotating disk was then

brought into contact with the wear surface of the specimen
by means of the governor's motor drive control knob.

The

running in process with 400 grit paper continued for
approximately 2 minutes.

After 2 minutes the 400 grit

paper was replaced with 600 grit paper and an additional
running in period of 2 minutes ensued.

The entire wear

surface of the pin specimen was then optically inspected
using a mirror.

A shiny appearence indicated that the edge

had made complete contact with the disk.

After the running

in process with the 400 and 600 grit papers, the pin was
removed from the pin-holder assembly and ultrasonically
cleaned and dried with forced air.

The side surface near

the sliding interface of the pin specimen was then viewed
under a microscope to ensure that no deformation was
introduced by the running-in process.

The disk was cleaned

of excess glue using a detergent solution and allowed to
dry before running a wear test.
side surface near the

Figure 11 illustrates the

sliding interface of an acceptable

pin specimen after the running-in process, which is now
ready for a wear test.
Prior to conducting a wear test, the pin dimensions
were measured with calipers and recorded.

The pin

dimensions were slightly different from the cut dimensions
as a result of the running-in procedures.

The prepolished

and run-in specimen was then clamped in the pin-holder

24

Figure 11.

Side Surface Condition of an Acceptable Pin
Specimen near the Current Sliding Interface
after the Running-In Process.
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assembly.

The disk was brought into contact with the pin

with a normal load of approximately 8 lb (40 N) or a
nominal contact stress of 833 psi (5.7 MPa).

Disk rotation

then commenced with approximately 19 rpm or a relative
sliding velocity of 2 in./sec.

(0.05 m/sec.).

After

relative sliding for a desired period of time, the pin was
removed from the pin-holder and ultrasonically cleaned to
remove any loose wear debris from the side surface.

The

first wear specimen was subjected to 15 seconds of sliding.
Similarly, other pin specimens went through the above
described preparation and run-in except the amount of
sliding time in the tribotester was increased.

That is,

the second specimen spent 30 seconds in the tribotester,
the third specimen 45 seconds, the fourth specimen 60
seconds, and so on, until the final specimen had undergone
240 seconds of sliding.

A new disk counterface was used

for each wear test.
After completing the wear tests, the side surfaces of
the specimens were viewed in a Scanning Electron Microscope
(SEM) to determine the elastic/plastic interface across the
width of the pin.

The extent of plastic deformation (zone

2) on the side surface was determined by locating the
current sliding interface, which is the datum for all
measurements, and positioning it at the lower edge of the
SEM's monitor.

The micrometer reading of the SEM's

translation stage was then recorded for this position.

The
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specimen, magnified 5000 times, was then translated via
micrometers, accurate to± 10 µm,
pin specimen length.

in the direction of the

When plastic deformation (slip) was

no longer visible the micrometer reading was again
recorded.

The extent of zone 2 was determined by taking

the difference between the two recordings.

Nine loci of

observation were made along the pin's width and data are
presented in Chapter 4.
Upon completing SEM analysis of side surface plastic
deformation, subsurface observations were made for each
specimen.

A subsurface was obtained by repeating the hand

grinding and polishing processes as described above.

After

final polishing, the pins were etched with etchant 201 of
the Leco Company's Metallography Principles and Procedures
manual [10).

This etchant is a solution of chromite (Cr0 3 )

and disodium sulfate (Na so ) and reveals the general
2 4
microstructure of brass 260.

The subsurfaces of the pins

were photographed at the lead, middle, and tail positions
using a metallograph with the current sliding interface in
view.

The extent of zone 2 for subsurface observations was

determined by measurment on the photomicrographs using a
millimeter scaled ruler.

A measurment was made parallel to

the length direction of the specimen from the current
sliding interface to a point where plastic deformation by
grain refinement was judged to cease.

This measurment, in

centimeters I was then converted to microns using the
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appropriate micron scale as determined from the
magnification of the photograph.

The results of subsurface

plastic deformation observations are also presented in
Chapter 4.

CHAPTER IV
RESULTS

The results of examining the "side" surface by
metallography and SEM analysis have shown that the extent
of plastic deformation of zone 2 in the pin, subjected to
sliding, is in agreement with results of previous work by
laser speckle photography.

Determining the extent of zone

2 on the side surfaces of wear specimens were preformed
through SEM analysis and details of this analysis were
given in the experimental procedures.

Figure 12 is a

composite diagram of selected specimens which illustrates
the observed surface deformation at different times.

The

figure contains nine, equally spaced, points of observation
across the width of the pin specimen.

The nine points of

observation along the width of the pin are shown in inches

whereas the recorded depth of zone 2 is shown in microns.
The arrow located at the wear surface of the schematic
indicates the direction of sliding.

Curves have been

fitted through the data points to help illustrate the
general trend of the growth of the elastic/plastic
2/zone 3) interface.
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In the SEM analysis of the pin specimens, surface
plastic deformation was primarily observed in the form of
grain distortion, and slip.

Grain distortion occurred near

the wear surface and was accompanied by severe slip
offsets. Grain distortion greatly changed the surface
topology of the prepolished surface.

Figure 13 is an SEM

photomicrograph at the midway position (0.12 in.) and
190 µm from the current sliding interface of a brass pin
specimen that has been subjected to sliding wear for thirty
seconds.

It illustrates the severe grain distortion and

slip offsets of both the primary and conjugate systems near
the wear surface.

Although twinning of the crystal lattice

was not distinctly observed, it should be noted that if
twinning had occurred it would be present in the areas of
grain distortion and severe slip offsets.
In determining the extent of the surface plastic
deformation, or the boundary between zone 2 and zone 3,
through SEM analysis, only rudimentary slip offsets were
observed.

Figure 14 is an SEM photomicrograph of the same

specimen as in Figure 13 at the midway position and 400 µm
from the wear edge.

It illustrates the rudimentary slip

offsets observed in determining the extent of zone 2 for
each wear specimen.

Note the difference in magnifications

of the photomicrographs.

The photomicrographs of Figures

13 and 14 are at 1000 and 10,000 magnification,
respectively.
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Figure 13. Servere Grain Distortion and Slip Offsets of
the Primary and Conjugate systems of a Brass
Specimen Subject to Sliding Wear for a Periodof 30 Seconds at Velocity of 0.05 m/s (2 in/s)
and Nominal Contact Stress of 5.7 MPa (833 psi).
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Figure 14. Rudimentary Slip Offsets Characteristic of the
Elastic/Plastic (Zone 2/Zone 3) Interface. Same
Specimen as in Figure 13.
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During sliding wear of a rectangular cross sectioned
brass pin specimen, a "wear lip" forms.

The wear lip is

formed from the three dimensional plastic deformation or
"mushrooming" of the brass around all four sides of the
pin.

Figure 15 is a schematic which illustrates the

formation of the "wear lip".

Figures 16 and 17 are SEM

photomicrographs of the sides of such wear lips.

Figure 16

shows a relatively small wear lip formed after thirty
seconds of sliding.

Note the severe slip and grain

distortion observable above the wear lip in the
photomicrograph of Figure 16.

Figure 17 is a

photomicrograph of a relatively large wear lip formed after
3.25 minutes of sliding.

In SEM analysis of specimens that

had undergone 3.25, 3.50, and 4.00 minutes of wear, severe
slip and grain distortion were not visible.

This is

because the wear lip had curled around the pins' sides and
hid these signs of plastic deformation.

However, signs of

rudimentary slip were visible close to the top of the
curled wear lip.

Table 1 presents all the data on surface

observations of the sixteen specimens in tabular form.

34

,

'lilt,.]

~

.~,\.:•.-..

:-•"'l"•_.,• .

Side

View

Initial
Specimen
Geometry

Mushrooming
developing
during Sliding
due to Plastic
Deformation

--ir,

"

'Y

End
View

Resultant
"Wear Lip"

Figure 15. Schematic Representation of the Formation of a
"Wear Lip" on a Brass Specimen as the Result of
Sliding Wear.
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Figure 16. Relatively Small Wear Lip with Grain Distortion
and Severe s1ip Offsets Located above the Lip.
Brass Specimen was Subject to Sliding Wear for a
Period of 30 Seconds at Velocity 0.05 m/s
(2 in/s) and Nominal Contact Stress of 5.7 MPa
(833 psi).

36

Figure 17.

Relatively Large Wear Lip. Brass Specimen was
Subject to Sliding Wear for a Period of 195
Seconds at Velocity 0.05 m/s (2 in/s) and
Nominal Contact Stress of 5.7 MPa (833 psi).

37

TABLE 1
SURFACE OBSERVATIONS OF THE EXTENT OF ZONE 2
THROUGH SEM ANALYSIS
LOCATION
FROM LEAD
EDGE
(inches)

EXTENT OF ZONE 2 (microns)
SLIDING TIME (seconds)
15

30

45

60

75

90

105

120

0.00

20

130

430

70

540

290

430

420

0.03

200

260

320

250

420

350

410

350

0.06

260

280

410

370

470

430

530

340

0.09

240

370

330

360

450

480

520

450

0.12

330

400

290

370

490

430

530

420

0.15

260

380

300

420

480

440

490

470

0.18

280

360

390

370

490

460

460

370

0.21

310

320

400

310

470

410

420

410

0.24

210

360

430

310

500

460

440

430
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TABLE 1 -- CONTINUED

LOCATION
FROM LEAD
EDGE
(inches)

EXTENT OF ZONE 2 (microns)
SLIDING TIME (seconds)
135

150

165

180

195

210

225

240

0.00

460

390

430

460

390

380

440

480

0.03

390

390

340

310

480

410

530

480

0.06

470

520

440

430

560

480

610

580

0.09

490

520

500

450

600

510

630

640

0.12

520

390

600

520

610

510

630

650

0.15

460

400

500

470

620

510

670

650

0.18

460

420

550

440

610

500

650

580

0.21

400

400

430

390

580

450

640

550

0.24

510

470

450

400

530

430

580

510
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Subsurface observations approximately 25 µm below the
side surface were made for each specimen, to compare with
the results of surface observations.

Subsurface

observations were made from photomicrographs at the lead,
middle, and tail positions by measuring the extent of zone
2, using the current sliding interface as the datum.
Figure 18 is a photomicrograph at the middle position of a
wear specimen subjected to 75 seconds of sliding and
illustrates how the measurements for subsurface
observations were obtained as described in Chapter 3.
Figure 19 presents the data points from the specimen
centerline of surface and subsurface deformation
observations for the sixteen wear specimens as a function
of time.

A curve has been fitted through the data points

to show the general trend of the surface and subsurface
observations.

Table 2 lists the results of the subsurface

observations and compares these observations with the
surface observations made at the lead, middle, and tail
positions.
Subsurface sections, 100 µm below the original side
surface, were made for four wear specimens.

This was done

to determine whether the deformation occurring through the
thickness of the pin was the same as that which occurred at
the near surface.

The observations made at the 100 µm

subsurface were found to be identical to the near surface
observations, indicating that
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Figure 18. Photomicrograph Showing how Subsurface
Deformation .Measurements were Obtained. Brass
Specimen was Subject to Sliding Wear for a
Period of 75 Seconds at Velocity 0.05 m/s
(2 in/s) and Nominal Contact Stress of 5.7 MPa
(833 psi.)
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Figure 19. Location of Elastic/Plastic Interface as
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means of Surface and Subsurface Techniques.
Brass Specimens were Subject to Velocity of
0.05 m/s (2 in/s) · and Nominal Contact stress of
5.7 MPa (833 psi).
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the postulated plane stress conditions were maintained.

In

addition, after reviewing photomicrographs of surface
observations, it was seen that in the regions where grain
distortion and severe slip offsets were observed there was
some correspondence to the subsurface deformation
observations.

That is, the most severe slip offsets and

grain distortions were observed to be approximately 200 µm
or less from the current sliding interface, which is also
approximately the extent of zone 2 for subsurface
observations.

However, surface grains of the brass

specimens appear not to be as refined as the subsurface
grains in this region.
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TABLE 2
SUBSURFACE OBSERVATIONS COMPARED WITH SURFACE OBSERVATIONS
AT THE LEAD, MIDDLE, AND TAIL POSITIONS
SLIDING
TIME

SUBSURFACE OBSERVATIONS

SURFACE OBSERVATIONS

(microns)

(sec)

(microns)

LEAD

MIDDLE

TAIL

LEAD

15

10

60

50

20

330

210

30

20

90

125

130

400

360

45

25

130

90

430

290

430

60

33

153

120

70

370

310

75

65

160

135

540

490

500

90

100

160

105

290

430

460

105

100

165

140

430

530

440

120

153

170

145

420

420

430

135

105

165

125

460

520

510

150

80

170

130

390

390

470

165

85

175

125

430

510

430

180

120

175

127

460

520

400

195

100

180

140

390

610

530

210

95

185

145

380

510

430

225

115

180

145

440

630

580

240

113

187

180

480

650

560

MIDDLE

TAIL

DISCUSSION AND CONCLUSION

It is interesting that the findings of the laser
technique used in the investigation of sliding wear by Seif
et al [9] suggested further metallographic investigation on
pin specimens.

Through metallographic observation of

pre-prepared wear specimens, it was found that post
metallographic subsections of wear specimens lacked a great
deal of plastic deformation history.

The subsections of

wear specimens were void of all slip that was only visible
during surface observations. The slip, a definitive
indicator of plastic deformation, extended zone 2 into the
range determined by the laser technique.

As seen from the

graphs and figures of Chapter 4, observation of subsurface
deformation by grain refinement increases quickly during
the first minute of wear and then begins to level off to an
apparently constant value.
Foreseeable future work needed to further confirm the
findings of the laser technique and metallographic surface
observations is a method that utilizes the same pin
specimen for both laser and metallographic observations.
Such a method is presently under investigation at the
University of Central Florida and incorporates a surface
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roughness technique and image analysis.

Also, a definite

correlation between surface observations and subsurface
observations should be attempted.

As mentioned in chapter

4 it appeared that the region of most severe slip offsets
and grain distortions corresponded to the extent of zone 2
in subsurface observations.

Instead of determining the

elastic/ plastic interface as was done in this research for
surface observations, one would need to examine only the
extent of severe slip offsets and grain distortion.

If a

correlation could be made between surface and subsurface
deformations then surface observations could be used to
predict subsurface findings.
Thus, the major findings or conclusions from the
research reported here are summarized as:

1. Metallographic surface observations confirm the
results of Seif et al.

[9].

2. Subsurface observations lack all visible evidence of
plastic deformation by slip mechanisms due to
offsets being ground and polished away in the
sectioning process.

3. Subsurface deformation as observed by grain refinement
reaches an apparently constant value after the first
minute of sliding, whereas surface deformation as
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observed by slip offsets does not reach a constant
value after four minutes of sliding.

4. A "wear lip" forms on the brass specimens during
sliding.

This can hide an increasing portion of

zone 2 for surface observations for specimens subject
to increasing sliding times.
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